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Abstract 

Several  multiple-ion-doped  lithium  nickel  oxides  with  formula  of  LiMnvCovNii__t_.y02  were  synthesized  via  solid-state  reactions  at  high 
temperature.  These  phase-pure  LiMnvCovNi1_j:_v02  compounds  have  a  layered  hexagonal  structure,  and  their  electrochemical  properties 
were  systematically  investigated.  Typical  cathodes  can  deliver  a  capacity  in  the  range  of  140-180  mAh/g  with  fairly  stable  cyclability.  The 
kinetics  of  lithium  insertion  in  these  cathodes  were  characterized  via  ac  impedance  measurements.  These  newly  developed  compounds  show 
great  promises  as  cathode  materials  for  future  lithium-ion  batteries  with  low  cost  and  less  toxicity. 
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1.  Introduction 

Lithium-ion  batteries  are  the  state-of-the-art  power 
sources  for  modern  portable  electronic  devices  such  as 
laptop  computers,  cellular  phones  and  camcorders.  They 
have  the  highest  energy  density  and  longest  cycle  life  among 
available  rechargeable  batteries.  Large-scale  lithium-ion 
batteries  also  have  great  potential  for  electric  vehicles  and 
stationary  energy  storage  systems,  and  they  are  dominating 
the  rechargeable  battery  market,  replacing  nickel-cadmium 
and  nickel  metal  hydride  batteries,  due  to  their  excellent 
performance.  The  electrochemical  properties  of  cathode 
materials  in  lithium-ion  batteries  are  very  critical  for  the 
overall  battery  performance.  The  operation  of  lithium-ion 
batteries  relies  on  the  extraction  and  insertion  of  lithium  ions 
in  both  cathode  and  anode  hosts,  however,  the  lithium-ion 
source  is  provided  entirely  by  cathode  materials.  Three 
classes  of  materials,  e.g.  LiCo02,  LiNiCL  and  LiMmCL 
compounds  have  been  developed  as  cathode  materials  for 
lithium-ion  batteries  [1-5].  Among  them,  the  structurally 
ordered  LiNi02  compounds  are  difficult  to  synthesize  and 
their  cyclability  is  very  poor  [6-8].  LiMrnCL  spinels  have 
low  specific  capacity  and  are  structurally  unstable  for 
lithium-ion  intercalation  and  de-intercalation  [9-12].  Cur¬ 
rently,  LiCoCL  cathode  materials  are  widely  used  in  com- 
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mercial  lithium-ion  battery  production.  However,  LiCo02 
compounds  are  expensive,  toxic,  and  therefore  not  envir¬ 
onmentally  benign.  Also,  the  capacity  of  LiCo02  is  limited 
to  about  140  mAh/g.  So,  it  is  necessary  to  develop  new 
cathode  compounds  for  lithium-ion  batteries,  which  are  less 
expensive,  non-toxic  and  have  good  electrochemical  per¬ 
formance.  The  basic  strategy  is  to  prepare  lithium  nickel 
oxides  base  materials  with  stable  structural  and  electroche¬ 
mical  properties.  The  structural  integrity  must  be  main¬ 
tained,  so  that  the  electrochemical  properties  can  be 
retained.  Such  new  cathode  materials  must  be  inexpensive, 
therefore  are  crucial  for  making  large-scale  lithium-ion 
batteries  for  electric  vehicles  and  stationary  energy  storage 
application  in  the  future. 

In  this  paper,  a  series  of  multiple-ion-doped  lithium  nickel 
oxides  were  synthesized.  Phase-pure  LiMn xCovNi  |  _x_y02 
compounds  with  layered  hexagonal  structure  were  obtained. 
The  structural  and  electrochemical  properties  of  these  cath¬ 
ode  compounds  were  systematically  investigated. 

2.  Experimental 

Compounds  were  prepared  by  a  special  spray-dry  tech¬ 
nique.  Reagents  of  .VlrbCL,  (Aldrich,  99.9%),  C03O4  (OMG, 
99.9%),  NiO  (Aldrich,  99.9%),  and  Li2C03  (Pacific  Lithium 
Ltd.,  99.9%)  were  mixed  thoroughly  in  de-ionised  water  by 
using  a  planetary  ball-milling  machine.  After  ball-milling,  a 
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homogeneous  slurry  was  obtained.  The  slurry  was  then  spray- 
dried  using  a  laboratory-type  mini  spray  drier.  The  spray  dried 
precursor  powders  consist  of  spherical  agglomerates,  in  which 
LECO3,  Mn203,  C03O4  and  NiO  are  uniformly  distributed. 
The  as-prepared  precursors  were  loaded  in  an  alumina  cru¬ 
cible  and  then  sintered  in  a  tube  furnace  at  a  temperature  range 
of  800-900  °C  under  oxygen  gas  flow.  Three  compounds 
LiMn0  2Coq  1  Nio  7O2,  LiMno  2Coq  2gNio  5502  and  LiMno  2- 
Co0  3Ni0  502  were  prepared  in  this  investigation. 

X-ray  diffraction  (XRD)  was  performed  on  Li,Vln,Cov- 
Nij  _r_v02  powders  using  a  Philips  1730  diffractometer  with 
a  Cu  Ka  radiation.  For  electrochemical  testing,  cathodes 
were  made  by  dispersing  85%  active  material,  10%  acet¬ 
ylene  carbon  black  and  5%  poly(vinylidene  fluoride)  in 
dimethyl  phthlate  solvent.  The  slurry  was  then  coated  on 
an  Al  foil.  Teflon  test  cells  were  assembled  in  an  argon-filled 
glove-box.  Each  cell  contained  a  lithium  foil  as  anode  and 
1  M  LiPF6  in  a  mixture  of  50  vol.%  ethylene  carbonate  (EC) 
and  50  vol.%  dimethyl  carbonate  (DMC)  as  electrolyte. 
Cells  were  cycled  between  3.0  and  4.5  V. 

Cyclic  volatammetry  (CV)  was  carried  out  using  a  EG  & 
G  potentiostat  (Model  M362)  at  a  scanning  rate  of  0. 1  mV/s. 
The  ac  impedance  measurements  were  also  performed  using 
an  impedance  analyzer  (Model  6310,  EG  &  G  Princeton 
Applied  Research).  Before  ac  impedance  measurements,  the 
cell  was  pre-cycled  between  3.0  and  4.5  V  for  five  cycles  to 
establish  and  stablise  the  solid  electrolyte  interface  (SEI) 
between  the  electrolyte  and  electrodes.  The  cells  were  then 
potentiostatically  conditioned  to  a  potential  and  equilibrated 
for  2  h,  then,  ac  impedance  spectra  were  obtained  by  apply¬ 
ing  a  sine  wave  of  5  mV  amplitude  over  the  frequency  range 
of  100  kHz  to  1  mHz. 


3.  Results  and  discussion 

3.1.  Physical  and  structural  characterization 

Fig.  1  shows  the  SEM  image  of  LiMn0.2Co0.25Nio  5502 
compound.  Homogeneous  crystals  and  crystal  size  distribu¬ 
tion  can  be  obtained  by  properly  controlling  the  syntheses 
conditions.  To  determine  the  distribution  of  Mn,  Co  and  Ni 
ions  in  Li  M  n  tCovN i ,  _x_  v02  compounds,  EDS  mapping  was 
performed.  The  results  of  EDS  mapping  show  a  very  uni¬ 
form  distribution  of  Mn,  Co,  Ni  ions  in  the  crystal  structure, 
which  can  be  attributed  to  the  process  of  intensive  ball¬ 
milling  and  subsequent  slurry  spray-drying.  During  ball¬ 
milling  process,  the  raw  materials  containing  Mn,  Co,  and  Ni 
are  mixed  in  a  quasi-atomic  level.  The  slurry  spray-drying 
process  forms  the  spherical  agglomerates,  which  consist  of 
multiple  reactant  phases  such  as  Li2C03,  Mn203,  C03O4  and 
NiO.  These  reactant  particles  are  closely  contacted  each 
other  within  the  agglomerates.  The  spherical  precursor 
agglomerates  are  shown  in  Fig.  2.  When  heating  to  high 
temperature,  solid  solutions  of  LiMn^COyNi  1  _x_y02  com¬ 
pounds  are  formed  via  solid-state  reactions. 


Fig.  1.  SEM  image  of  LiMno.2Coo.25Nio.55O2  compound. 


The  crystal  structure  of  LiMnACovNi ,  _t_v02  compounds 
was  characterized  by  X-ray  diffraction.  Fig.  3  shows  the 
X-ray  diffraction  patterns  of  three  different  LiMnvCov- 
Nii_j:_y02  compounds.  Phase-pure  solid-state  solution  with 
a  hexagonal  structure  [R3m)  was  successfully  obtained  for 
different  amount  of  Co,  Mn  and  Ni.  In  this  hexagonal 
structure,  lithium  and  transition  metal  ions  are  ordered  in 
alternate  (111)  planes  between  two  oxygen  planes  along 
the  “C”-axis.  Li+  and  M3+  ions  occupy  3a  and  3b  sites, 
respectively.  Such  a  layered  framework  provides  a  two- 
dimensional  interstitial  site  which  allows  for  relatively  facile 
extraction  and  insertion  of  lithium  ions. 

The  h  k  I  indices  for  hexagonal  structure  are  labeled  in 
Fig.  3.  All  diffraction  lines  are  indexed  to  the  hexagonal 
phase.  No  impurity  phase  was  observed,  which  indicates  that 
a  solid-state  solution  can  be  formed  in  a  wide  range  of  Mn, 
Co  and  Ni  contents  for  the  LiMnACoyNi  |  _x_y02  system. 
Previously,  there  were  many  reports  about  binary  transition 
metal  LiMvM'02  systems  such  as  LiCoANiy02,  LiMnv- 
Ni  |  _a02,  LiAlvNi1_y02,  etc.  Here,  we  report  that  the  ternary 


Fig.  2.  SEM  image  of  spherical  spray-dried  LiMno.2Coo.25Nio.55O2 
precursors. 
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transition  metal  LiMvMv'M"02  system  with  pure  phases  can 
be  successfully  synthesized.  Unit  cell  parameters  for  the 
hexagonal  LiMnA-CoyNi1_JC_y02  phase  were  determined.  In 
comparison,  the  lattice  parameters  of  LiCoCU  and  LiNiCU 


Table  1 

The  lattice  parameters  of  LiMnACo>,Nii_JC_v02  compounds 


Compounds 

a  (A) 

c(  A) 

LiMno.2Coo.  1  Nio.702 

2.862 

14.153 

LiMno.2Coo.25Nio.55O2 

2.845 

14.124 

LiMno.2Coo.3Nio.5O2 

2.858 

14.140 

LiCo02 

2.819 

14.066 

LiNi02 

2.882 

14.194 

are  also  presented  in  Table  1.  The  LiNi02  has  large  lattice 
parameters  “a”  and  “c”  than  those  of  LiCo02.  With  the 
mixing  of  Mn,  Co  and  Ni  ions  in  the  3b  sites,  the  lattice 
parameters  “a”  and  “c”  LiMnACovNi , _A_V02  compounds 
change  with  the  variation  of  the  composition.  However,  we 
did  not  identify  the  relationship  between  the  compositions 
and  lattice  parameters.  More  systematic  work  requires  to  be 
done. 

3.2.  Electrochemical  testing  of  LiMnxCoyNii-x-y02 
cathode  materials 

Cyclic  voltammetry  measurements  were  performed  on  the 
LiMnYCovNi1_A._v02  electrodes.  Fig.  4  shows  the  cyclic 


Fig.  4.  Cyclic  voltammograms  of  LiMn0.2Co0  .25Nio.  55O2  compound.  Scanning  rate:  0.1  mV/s. 
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Capacity  (mAh/g) 


Fig.  5.  The  charge  and  discharge  curves  of  LiMn0.2Co0  .25Ni0.  5502  electrode. 


voltammograms  of  LiMn0.2Co0  .25Ni0.  55O2  electrode.  A  pair 
of  redox  peaks  was  observed  in  the  voltage  range  of  3.0- 
4.5  V,  which  corresponds  to  the  lithium  intercalation  and 
lithium  de-intercalation  reactions.  The  reduction  peaks  are 
much  broader  than  the  oxidation  peaks,  but  the  reason  is  not 
clear.  These  CV  curves  are  similar  to  those  for  LiCo02  and 
LiNi02  cathodes.  In  the  subsequent  scanning  cycles,  the 
intensity  of  the  reduction  peaks  and  oxidation  peaks 
decreases,  but  without  changes  of  their  positions  and  shapes. 
The  monoclinic  LiMnCA  and  doped  LiM.YMni_.T02  com¬ 
pounds  always  experience  a  transformation  to  a  cubic  spinel 
phase  [13,14],  which  usually  demonstrates  a  split  reduction 


peak  and  oxidation  peak  in  the  CV  curve.  Since  there  are 
20%  Mn  presented  in  LiMno.2Coo.25Nio.55O2,  it  is  not  sure  if 
LiMno.2Coo.25Nio.55O2  electrode  is  structurally  stable  when 
experiencing  lithium  extraction  and  insertion  cycling.  We 
did  not  observe  any  change  of  the  redox  peaks  in  the  CV 
curves,  which  indirectly  indicates  that  the  LiMno.2Coo.25- 
Nio.5502  electrode  is  stable.  Therefore,  a  transformation  to 
the  cubic  spinel  phase  is  unlikely  to  occur  for  LiMnvCov- 
Ni1_JC_v02  compounds.  Further  confirmation  requires  per¬ 
forming  in  situ  X-ray  diffraction. 

Constant-current  charge/discharge  cycling  tests  were  car¬ 
ried  out  to  determine  specific  capacity  and  cyclability.  Fig.  5 


Fig.  6.  The  charge  and  discharge  curves  of  a  rectangular  Li-ion  battery  using  LiMn0.2Co0  .25Ni0.  5502  as  cathode  and  MCMB  carbon  as  anode. 
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shows  the  charge/discharge  profiles  of  LiMno.2Coo.25- 
Nio  jsCL  electrode.  In  the  first  cycle,  it  has  reached  a  specific 
charging  capacity  of  214  mAh/g  and  discharging  capacity  of 
180  mAh/g.  A  capacity  of  34  mAh/g  was  lost  during  the  first 
cycle,  which  could  be  attributed  to  the  formation  of  a 
passivation  film  on  the  surface  of  the  electrode.  The  dis¬ 
charge  capacity  still  retains  85%  of  the  initial  capacity  after 
50  cycles.  The  average  discharge  potential  of  LiMnACoY_ 
Ni1_A_,,02  electrode  is  about  3. 5-3. 6  V  versus  a  lithium 
reference  electrode,  which  is  slightly  lower  than  that  of  pure 
LiCoC>2  and  LiNi02  electrodes.  The  order  of  operating 
voltage  for  Mn,  Co  and  Ni  oxides  is  approximately: 
Co02  (3d5/3d6)  >  Ni02  (3d6/3d7)  >  Mn02(II)  (3d3/3d4). 
MnCLllI)  designated  operating  voltage  at  3.0  V  [15].  The 
participation  of  Mn  in  redox  reaction  could  possibly  influ¬ 
ence  the  chemical  potential  of  the  electrode  materials. 
Through  adjusting  the  doping  ions  and  their  concentrations, 
the  chemical  potential  of  the  cathode  materials  can  be 
modified.  Such  work  is  currently  underway  in  our  labora¬ 
tory. 

The  rectangular  lithium-ion  batteries  were  assembled 
using  the  as-synthesed  LiMn0.2Co0  .25Ni0.  55O2  compound 
as  cathode  material  and  mesocarbon  microbeads  (MCMB) 
as  anode  material.  Fig.  6  shows  the  charge  and  discharge 
curves.  The  average  discharging  voltage  of  the  battery  is 
about  3.5  V.  When  coupled  with  MCMB  carbon  anode,  the 
cells  demonstrated  stable  cyclability.  This  is  a  very  promis¬ 
ing  result  for  their  use  as  future  cathode  materials. 

The  electrochemical  impedance  spectra  of  LiMn0.2- 
Coo.25Nio.55O2  electrodes  were  measured  at  different 
charging  states.  The  typical  Nyquist  plots  are  presented  in 
Fig.  7.  A  semicircle  was  observed  to  center  on  the  real  axis  at 
high  frequencies  range.  In  the  low  frequency  range,  a 
straight  line  at  45°  to  the  real  axis  corresponds  to  the 
Warburg  impedance.  A  second  semicircle  was  observed  at 


the  highly  charged  state.  A  passivation  layer  formed  on  the 
surface  of  the  electrode  could  be  responsible  for  this  second 
semicircle.  The  LiMn0.2Co0  .25Nio.  55O2  electrode  demon¬ 
strated  a  behavior  similar  to  the  LiCo02  and  LiNi02  elec¬ 
trodes. 


4.  Conclusions 

Ternary  transition  metal  doped  LiMn^Co^Ni  1  _x_y02 
compounds  were  successfully  prepared  by  solid-state  reac¬ 
tion.  These  phase-pure  compounds  have  a  hexagonal  layered 
structure.  Cyclic  voltammetry  measurements  show  a  pair  of 
redox  reaction  peaks,  similar  to  LiCo02  electrodes.  The 
LiMnvCovNi1_A_1,02  electrode  exhibited  a  lower  discharge 
potential  than  LiCoC>2,  but  they  demonstrated  stable 
cyclability  in  lithium-ion  batteries.  LiMnACoyNi  1  _x_y02 
compounds  have  great  potential  to  be  used  as  cathode 
materials  for  lithium-ion  batteries  with  low  cost  and  low 
toxicity. 
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